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Cooling Efficiency Measurement

The cooling efficiency ( ) was calculated using the following equation.1𝛿

                                                                                                                                                     (S1)
𝛿 =

∆𝑇
∆𝑇𝑐

Where  is the cooling efficiency (%),  represents the reduction of the equilibrium temperature (K) and 𝛿 ∆𝑇

 is temperature change of the copper block without any cover under continuous heating (K).∆𝑇𝑐

Calculation of Thermal Emissivity

Surface long-wave infrared emission emissivity (LWIR) was defined and calculated as:2, 3

                                                                                                              (S2)

𝜀(𝐿𝑊𝐼𝑅) =

13 𝜇𝑚

∫
8 𝜇𝑚

𝐼𝐵𝐵(𝑇,  𝜆)𝜀(𝜆)𝑑𝜆

13 𝜇𝑚

∫
8 𝜇𝑚

𝐼𝐵𝐵(𝑇,  𝜆)𝑑𝜆

Where 𝜆 is the wavelength and 8-13 μm bounds represent the LWIR atmospheric transmittance window, 

 is the spectral intensity emitted by a blackbody (assumed at 25˚C) and (𝜆) is the surface’s spectral 𝐼𝐵𝐵(𝜆) 𝜀

emissivity (𝜆)=1-𝑅(𝜆).𝜀
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Supplementary Figures

Figure S1. Cross-sectional SEM images of (a) rGO, (b) 1% AR-rGO, (c) 5% AR-rGO, (d) 10% AR-rGO 
and (e) AR. (f) The corresponding thickness of each sample.

Figure S2. Samples for peel test. Optical images of Cu sheet, rGO, x% AR-rGO and AR (a) before and 
(b) after tape tests. (c) A photograph of the 3M tape and (d) the retention of samples on the Cu sheet after 
tape rests.
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Measuring adhesion by a tape test

A commercial transparent 3M tape was placed on the top of the sample and smoothed by a roller. 

After full contact for 2 min, the tape was rapidly removed by seizing the free end. Figures S2a-b show the 

optical images of test samples before and after tape tests.

Figure S3. The pore size distributions of 1% and 5% AR-rGO obtained from mercury injection apparatus 
measurements.

Figure S4. FTIR absorption spectra of rGO, x% AR-rGO and AR.

3



3 6 9 12 15
0.0

0.2

0.4

0.6

0.8

1.0

Re
fle

ct
an

ce
=1

-E
m

itt
an

ce

Wavelength (m)

  rGO
  5% AR-rGO

Figure S5. Spectral reflectance ( (𝜆)=1-𝑅(𝜆)) of rGO and 5% AR-rGO presented against the LWIR 𝜀
atmospheric transparency window.

Figure S6. thermogravimetric analysis under N2 environment.
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Table S1. The weight remaining after thermogravimetric tests and calculated rGO contents of rGO, x% 
AR-rGO and AR.

Sample Weight remaining (%) Calculated content of rGO (%)

rGO 54.7 100.0

1% AR-rGO 12.2 16.0

5% AR-rGO 7.6 6.9

10% AR-rGO 7.5 6.7

AR 4.1 0.0

Figure S7. XRD with different magnifications of rGO, x% AR-rGO and AR. The inset in (b) shows the 
intensities of graphitized carbon (002) peaks in series samples.
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Figure S8. (a) Raman spectra of the rGO and x% AR-rGO and (b) corresponding ID/IG ratios.

Figure S9. Schematic diagram of dissipated heat measurement setup upon heating using ceramic heater 
and measuring temperature of the test point by thermoelectric couple. 
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Figure S10. (a) Schematic diagram of thermal transmission measurement setup. Dynamic resistance 
responses of the temperature sensor when rGO (b), 1% AR-rGO (c), 5% AR-rGO (d), 10% AR-rGO (e) 
was exposed to it, respectively.

Thermal Transmission Measurement Device Fabrication

Thermal transmission capacity of the samples was measured by the measurement setup as shown in 

Figure S9. This electronic sensory system was composed of three layers, including polyimide (PI) 

substrate, sensing units and polydimethylsiloxane (PDMS) film. Sensing units comprise two nickel (Ni) 

thermosensitive rings. The inner ring with a resistance of 100 Ω is defined as a hot spot and the outer ring 

with a resistance of 2000 Ω is used as a temperature sensor. Under an equal applied voltage, the inner ring 

bears a higher electrical power and thereby is heated to be a hot spot, while a lower Joule heating is 

produced in the outer ring because of its larger resistance. When a sample is exposed to the hot spot, the 
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heat spreads evenly through the sample and thus the resistance of thermosensitive outer ring is changed. 

The better the thermal transmission ability of the sample is, the larger the variation of dynamic resistance 

is. Therefore, the slope of resistance-temperature curve can qualitatively evaluate the thermal transmission 

performance of a sample.

The fabrication of this device was according to a literature method with a few modifications.4, 5 

Briefly, Ni films were deposited and patterned on the PI substrate by vacuum thermal evaporation 

(ZHD400 system purchased from Beijing Technol Science Co., Ltd.), followed by annealing for 2 h at 

200 ºC in a vacuum oven. Finally, a PDMS film was coated on the sensor by spun for encapsulation.

Table S2. Comparison of heat dissipation capability with 3D graphene composites reported in the 
literature.

Sample LED temperature drop (ºC) Ref.

rGO 16 ºC 6

3D kaolin/graphene 650 mA: 20 ºC 7

2D GNFs/1D MWCNTs/Al2O3 15 W: 21.3 ºC 8

Al2O3/rGO 1W: 5.6 ºC; 5 W: 14.0 ºC 9

PP/graphene composites 20 ºC 10

GNs/GF/natural rubber composite 29.8 ºC 11

Nanofibrillated Cellulose/MgO@rGO 8.4 ºC 12

rGO 1 W: 6.84 ºC; 5 W: 20.76 ºC This work

5% AR-rGO 1 W: 11.75 ºC；5 W: 30.62 ºC This work
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Figure S11. Cross-sectional SEM images of 5% AR-rGO under (a) 10 s, (b) 30 s and (c) 60 s deposition 
time.

Figure S12. Temperature curves of 5W commercial LEDs chips with varying thickness 5% AR-rGO.

Figure S13. IR images of self-made heat sinks and Cu substrate on the heating platform.
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